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Gold plasmonic nanoparticles are receiving attention for a variety of types of NIR optical biomedical imaging 
including photoacoustic imaging.  Herein we present a novel method to assemble equilibrium gold nanoclusters from 5 
nm primary gold nanospheres, which exhibit high near-infrared (NIR) absorbance and subsequently fully dissociate back 
to primary particles, which has the potential to enable renal clearance. The nanoparticle assembly is manipulated via 
controlling colloidal interactions, specifically electrostatic repulsion and depletion attraction. The charge on the primary 
~5 nm gold nanospheres is tailored via place exchange reactions with a variety of biocompatible ligands such as citrate, 
lysine and cysteine. The primary particles form clusters upon addition of a biodegradable polymer, PLA(1k)-b-
PEG(10k)-b-PLA(1k), followed by controlled solvent evaporation.  The cluster size may be tuned from 20-40 nm in 
diameter by manipulating the gold and polymer concentrations along with the solvent evaporation extent. Salt is also 
added to increase the NIR absorbance and reduce the nanocluster size by reducing polymer adsorption.  The adsorption 
of the polymer onto the Au surfaces effectively quenches the nanoclusters. High NIR absorption facilitates photoacoustic 
imaging, even for the small cluster sizes. In response to acidic cellular pH environments, the polymer degrades and the 
clusters dissociate back to primary particle on the order of 5 nm, which are small enough for renal clearance.  
 






Gold nanoparticles are of great interest as photoacoustic imaging contrast agents due to their ability to exhibit high 
extinction in the near infrared (NIR) wavelength range between 650-900 nm where tissue absorbs weakly.1-4 Such 
extinction can be achieved by minimizing interparticle spacings between particles which results in surface plasmon 
resonance (SPR) shifts due to the creation of hybridized plasmon modes between particles.5 High NIR extinction from 
gold nanoparticles have been observed in vitro via templated cluster assembly6-9 as well as in cells under high gold 
loadings.10, 11 However such high-NIR active gold nanostructures are irreversible and thus remain non-clearable from the 
body due to their large size as particles with diameters less than ~5.5 nm are required for efficient renal clearance.12, 13 At 
this size, the adsorption of even a single protein molecule during circulation could prevent efficient clearance.12, 14-16, 9 
Therefore, there is a need for closely-spaced gold nanoclusters with high NIR extinction which also completely 
dissociate back to ~5 nm primary particles which lack protein adsorption to allow renal clearance. 
 
Many attempts at making high NIR-active gold clusters via manipulation of electrostatic forces have yielded large 
and irreversible aggregates.17, 18 Greater size control has been shown via balancing steric and van der Waals forces 
between ~12 nm poly(ethylene glycol) (PEG)-capped Au nanoparticles through the addition of hydrophobic alkane thiol 
molecules while altering the PEG surface concentration.19 Additionally, clusters of controlled size were assembled from 
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~6 nm iron oxide nanoparticles via manipulation of solvophobic interactions between a hydrophilic ethylene glycol 
solvent and oleic acid ligands.20 However for both the gold and iron oxide particles, the clusters were irreversible.  
 
Through a careful balance of the short-range attractive and long-range repulsive colloidal forces (equation 1), our 
group has developed a method for the assembly of biodegradable nanoclusters of controlled size.6-9 
 
                                                = + + +                                            (1) 
 
A biodegradable polymer, PLA(1k)-PEG(10K)-PLA(1k), was used to “quench” the growth of the high-NIR active 
nanoclusters via adsorption of the hydrophobic PLA groups to the gold surface during the equilibrium formation 
mechanism.21, 8 In our previous study, nanocluster sizes were tuned from ~20 nm to ~40 nm with varying degrees of NIR 
extinction. After formation, full dissociation of the clusters was demonstrated as the PLA anchoring groups underwent 
hydrolytic degradation in low pH environments. 
 
Herein, we expand upon our previous designed clusters by including salt to vary degrees of polymer adsorption and 
thus alter interparticle spacings and NIR extinction. Two of our previously designed nanoparticle systems which have 
been shown to prevent protein adsorption are studied.9 Firstly, gold nanoparticles used in our previous equilibrium 
cluster formation study, capped with cationic lysine and anionic citrate are examined. A method to further decrease 
cluster size while maintaining high NIR extinction is desirable and is shown to be possible by limiting polymer 
adsorption within the cluster through salt addition. Secondly, Au nanoparticles capped with zwitterionic cysteine and 
citrate are of interest due to the strong binding affinity of the thiolated cysteine to gold. Due to the weak interaction of 
lysine with gold,22 a cysteine/citrate-capped gold surface would likely give increased ligand stability in vivo where 
intracellular thiol concentrations are high.23 Therefore we also report the formation of small, NIR-active clusters made 
from these nanoparticles in the presence of increasing ionic strength. 
 
 




Gold precursor, HAuCl4·3H2O was purchased from Acros Chemicals (Morris Plains, NJ). Reducing agents 
NaBH4 and Na3C3H5O(COO)3·2H2O were acquired from Fisher Scientific (Fair Lawn, NJ). Alternative ligands L-(+)-
Lysine and L-Cysteine were also purchased from Acros Chemicals while the triblock copolymer PLA(1k)-PEG(10k)-
PLA(1k) was attained from Sigma-Aldrich (St. Louis, MO). Pure fetal bovine serum (FBS) was acquired from Hyclone 
(Logan, UT). 
 
2.2 Synthesis of Citrate-capped Au nanospheres and cysteine/lysine ligand exchange 
 
Approximately 4 nm citrate-capped Au nanospheres were synthesized via NaBH4 reduction of HAuCl4 at 95 °C 
in the presence of Na3C3H5O(COO)3 and purified via tangential flow filtration and centrifugal filtration via a previously 
described procedure.(Murthy ACS Nano12) For the cysteine place exchange, 6.4 µl of a freshly prepared 1 % (w/v) 
cysteine in deionized (DI) water solution was added to 1.2 mL of a 3 mg/mL citrate-capped Au nanosphere solution at 
room temperature. The mixture was stirred for 15 minutes, immediately after which the solution underwent 
characterization or cluster formation processes. The lysine place exchange was completed under the same reaction 
conditions but as a mixture of 20 µl of a freshly prepared 5 % (w/v) lysine in DI water solution in 1.2 mL of a 3 mg/mL 
Au nanosphere dispersion. The resulting particles for both the cysteine and lysine ligand exchanges contain a 1.6/1 and 
1.4/1 ligand/citrate ratio, respectively as determined via x-ray photoelectron spectroscopy (XPS) as described in a 
previous study.8 
 
2.3 Au nanosphere characterization and protein adsorption test 
 
Nanosphere size, extinction, and ligand ratios were measured via previously described methods.8 Weight-
average hydrodynamic diameters of the particles were acquired via dynamic light scattering (DLS) measurements of 
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~0.04 mg/mL Au nanosphere solutions. A Brookhaven ZetaPALS analyzer at a detector angle of 90° was used and the 
data was analyzed via the CONTIN method and Stokes-Einstein equations. Extinction data of the resulting nanoparticle 
solutions were measured using a Cary 3E UV-Vis-NIR spectrophotometer with a 1 cm path length cuvette. X-ray 
photoelectron spectroscopy (XPS) was done to determine ligand ratios on the Au nanosphere surface and done on a 
Kratos AXIS Ultra DLD spectrometer with a monochromatic Al X-ray source. Full methodology for this test has been 
reported by Murthy et al.8, 9 
 
After place exchange, protein adsorption characteristics were studied by diluting Au nanospheres to ~0.03 
mg/mL in 100 % FBS and incubating the solution in a 37 °C water bath. DLS measurements were taken on the resulting 
solutions after 48 hours. 
  
2.4 Nanocluster formation and characterization 
 
Following place exchange, nanocluster formation was done following a familiar procedure.8 Lysine/citrate 
nanoclusters were made holding final gold and polymer concentrations constant at 2 mg/mL and 40 mg/mL, respectively. 
A 20/1 polymer/Au (w/w) ratio of PLA(1k)-PEG(10k)-PLA(1k):Au was added to a 3 mg/mL solution of 1.4/1 
lysine/citrate Au nanospheres under stirring. The polymer solution contained between 50 mM and 100 mM NaCl 
concentrations for desired final salinity. After polymer addition, 50 % of the solvent was evaporated under dry air at 
room temperature 
 
For cysteine/citrate nanoclusters, a 5/1 polymer/Au (w/w) ratio of PLA(1k)-PEG(10k)-PLA(1k):Au was added 
to a 3 mg/mL stirred solution of 1.6/1 cysteine/citrate Au nanospheres. The polymer was added in five equal iterations 
over 10 minutes at room temperature. As for the lysine/citrate clusters the 30 mg/mL polymer solution contained a 100 
mM NaCl concentration. After polymer addition was complete, samples underwent 50 % and 95 % solvent evaporation 
at room temperature under a dried air flow. 
 
For both systems, nanocluster formation was quenched by diluting the samples to ~30 mL with DI water in 50 
mL centrifuge tubes. The samples were bath sonicated and then centrifuged at 10,000 rpm for 10 minutes to isolate a 
pellet of densely-packed nanoclusters from the supernatant which contained unreacted primary nanospheres and small, 
loosely-packed aggregates. DLS and UV-VIS-NIR measurements were then taken of pellet.8 
 
2.5 Nanocluster dissociation 
 
In vitro dissociation tests were done on the 2-40-67-50  lysine and citrate and 40-200-668-95 cysteine and citrate 
nanoclusters by dispersing 200 µL of a ~2 mg/mL respective nanocluster solution in 2.4 mL of a pH 5 HCl solution. The 
mixtures were incubated in a 37 °C water bath over a 24 hour period throughout which extinction and hydrodynamic 




3.0. RESULTS & DISCUSSION 
 
3.1         Lysine/Citrate Nanoclusters 
 
Lysine and citrate capped Au nanoparticles were assembled into clusters at two final NaCl concentrations, 67 mM and 
133 mM while the final gold and polymer concentrations were held at 2 mg/mL and 40 mg/mL, respectively. Figure 1a 
shows significant NIR extinction was achieved for both concentrations of NaCl compared to unclustered primary 
particles. Meanwhile, a noticeable size increase from 23.7 nm (2-40-67-50) to 35.6 nm (2-40-133-50) was observed as 
the NaCl concentration was increased as shown in figure 1b. Since increased salinity is known to lower electrostatic 
repulsion via ion pairing, this effect likely results in the further aggregation of nanoparticles into larger clusters. 
However despite this size increase, little difference was observed in extinction from 67 mM to 133 mM NaCl, indicating 
a negligible effect of increasing cluster diameter on NIR extinction in this size range for these conditions. 
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The ability to assemble high NIR-active gold nanoclusters of controlled size, quenched with biodegradable polymer 
stabilizers has been shown for two dual-ligand systems. Through the manipulation of  gold, polymer, and salt 
concentration, the size and spectra of lysine/citrate and cysteine/citrate nanoclusters have been effectively tailored to 
produce high NIR extinction from small, <30 nm clusters, adequate for use as photoacoustic contrast agents. The clusters 
were assembled from primary nanospheres which adsorb no protein molecules after incubation in 100% FBS and full 
dissociation of lysine/citrate nanoclusters has been demonstrated in conditions similar to intracellular environments 
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